This study was designed to assess whether nucleic acid stains such as propidium iodide and Hoechst 33258 and the cytosolic stain eosin identified equivalent proportions of non-viable cells. Sub-samples of boar spermatozoa stored for up to 72 h, and frozen bull spermatozoa stored in straws and thawed before staining, were exposed to either propidium iodide or Hoechst 33258 alone or in combination. Additional sub-samples were stained with eosin-nigrosin and subsequently with Giemsa. The proportion of non-viable cells identified by propidium iodide alone was equivalent to that observed when it was used in combination with the other fluorescent probe. Similar results were observed for Hoechst 33258. However, direct microscopic examination of sub-samples exposed to both stains revealed that a proportion of spermatozoa stained with propidium iodide did not incorporate Hoechst 33258. This was found consistently in boar and bull spermatozoa under the different experimental conditions used. Quantification showed that the proportion of propidium iodide-positive cells was significantly higher than Hoechst 33258-positive cells. Furthermore, the proportion of propidium iodide-positive cells was higher than cells stained with eosin, but no differences were found between the number of cells stained with Hoechst 33258 or eosin. The proportion of cells stained with propidium iodide was positively correlated with the proportion stained with either Hoechst 33258 or eosin, despite the observation that more cells incorporated propidium iodide. Taken together, these results indicate that there are differences in the ability of fluorescent probes to identify non-viable sperm cells and that this should be considered when staining protocols are used to analyse sperm viability, or when viability is used as a discriminating factor in functional studies, such as those related to acrosomal exocytosis. fluorescent probes such as chlortetracycline, to assess capacitation and acrosomal exocytosis (Fraser et al., 1995; Wang et al., 1995) . These studies have relied on microscopic examination of spermatozoa using either bright field illumination (that is, triple-stain, eosin-nigrosin and Giemsa) or a combination of phase-contrast optics and epifluorescence. In addition, flow cytometry has been used to characterize populations of spermatozoa rapidly on the basis of at least two attributes. Thus, a combination of fluorescent probes can be used to assess sperm viability (Garner et al., 1986) . Alternatively, by combining a probe that distinguishes between viable and non-viable cells (for example propidium iodide) with another that stains the plasma membrane, acrosomal contents or outer acrosomal membrane (for example fluoresceinated lectins), both sperm viability and acrosomal status can be assessed (Tao et al., 1993; Maxwell and Johnson, 1997; Cooper and Yeung, 1998; Harkema et al., 1998) .
Typically, flow cytometry studies have included propidium iodide to assess viability, whereas microscopic evaluation has relied on the use of Hoechst 33258. It has been assumed that all nucleic acid stains yield equivalent information, but this assumption has not been examined in detail. In a preliminary series of experiments aimed at studying capacitation and the acrosome reaction in response to a variety of conditions and agents, the ability of propidium iodide, Hoechst 33258 and eosin-nigrosin (together with Giemsa) to detect non-viable cells was compared. The proportion of non-viable cells identified using the three methods was not the same. Therefore, the aim of the present study was to quantify the ability of various staining protocols to identify viable and non-viable sperm cells.
Materials and Methods

Reagents
Chemicals were of analytical grade and were purchased from Sigma, BDH or Merck (all of Madrid). Propidium iodide and Hoechst 33258 were from Sigma; nigrosin (CI 50420) was from Merck; eosin yellowish (CI 45380) was from Panreac (Barcelona); and Giemsa was from BDH.
Storage and handling of spermatozoa
Boar spermatozoa were stored in the Beltsville extender (BTS) (Johnson et al., 1988) Bull spermatozoa (Holstein-Friesian) from a commercial company (Aberekin S.A., Derio, Vizcaya), frozen in 0.25 ml straws, were thawed for 30 s at 37°C, transferred to an Eppendorf tube and motility was examined. Thawed samples with у 40% motility were used for experiments.
Staining with fluorochromes or eosin-nigrosin and Giemsa
Aliquots of sperm suspension were stained with propidium iodide, Hoechst 33258, propidium iodide and Hoechst 33258 or with eosin-nigrosin. A stock of Hoechst 33258 (Sigma) was prepared at a concentration of 1 mg ml -1 in distilled water and aliquots were stored frozen at -20°C in the dark. For use in the experiments, the stock solution was diluted 1:10 with modified Tyrode's medium, stored at 5°C shielded from light, and used within 1 week. For staining, spermatozoa were diluted in saline medium and the working Hoechst 33258 solution was added, so that the final concentration was 1 µg ml -1 . The sperm suspension was incubated for 3 min at room temperature and spermatozoa were immobilized with formaldehyde (final concentration: 0.003% (w/v); Dott and Foster, 1975; Dott et al., 1975; Harrison and Vickers, 1990) . BSA stock solution (5 µl of 100 mg ml -1 ) was also added to avoid spermatozoa sticking to the glass and producing staining artefacts. The stained suspension (10 µl) was placed between a slide and a coverslip and sealed with nail varnish.
For propidium iodide staining, a procedure modified from Harrison and Vickers (1990) was used. A stock solution of 0.5 mg propidium iodide ml -1 water was prepared, aliquoted and stored frozen at -20°C in the dark. Spermatozoa were diluted in the saline medium and the propidium iodide stock solution was added, so that the final concentration was 5 µg ml -1 . The suspension was incubated for 5 min at room temperature and spermatozoa were immobilized with formaldehyde; BSA was added and stained samples were placed between a slide and coverslip as described above.
Spermatozoa were also stained simultaneously with propidium iodide and Hoechst 33258. Spermatozoa suspended in saline medium were exposed to both stains at the concentrations described above, incubated at room temperature for 5 min, and immobilized and mounted as indicated above.
The eosin-nigrosin solution was prepared as described by Tamuli and Watson (1994) . Briefly, 10 g nigrosin was dissolved in distilled water by boiling, and filtered into a cylinder containing 0.7 g eosin, 7.5 ml of 50 mmol glucose l -1 , and 7.5 ml tartrate phosphate buffer (TPB) (50 mmol Na 2 HPO 4 l -1 , 25 mmol KH 2 PO 4 l -1 , 77 mmol potassium sodium tartrate l -1 ), and the volume made up to 100 ml. The solution was kept at 5°C. Staining was carried out by mixing an aliquot of spermatozoa suspended in saline medium with eosin-nigrosin solution (1:3 dilution) for 30 s before preparing a smear and drying on a warm plate at 37°C. Smears were fixed in 4% (w/v) formaldehyde in TPB, rinsed in slow running water for 10 min, and with distilled water, and stained with Giemsa (Tamuli and Watson, 1994) . The Giemsa stain solution consisted of 4.5 ml Giemsa stock solution (Watson, 1975) , 3 ml TPB and 32.5 ml distilled water, and was prepared fresh before use. After staining for 90 min, slides were rinsed with distilled water, dried under air and mounted with Permount (Fisher Scientific, Fair Lawn, NJ).
Experimental design
In Expt 1, boar spermatozoa from 12 different ejaculates, collected and diluted as described, were incubated in BTS for up to 72 h and assessed for sperm viability. For each ejaculate, two sub-samples were stained with Hoechst 33258, two sub-samples with propidium iodide, and a further two sub-samples with both Hoechst 33258 and propidium iodide. In addition, two sub-samples from each ejaculate were stained with eosin-nigrosin, smeared, dried and stained with Giemsa, as indicated above. When the fluorescent stains were used, spermatozoa were observed within 20 min of preparation to avoid staining artefacts which could result in an overestimation of non-viable cells. Spermatozoa found to be partially stained with any of the stains were regarded as non-viable cells.
For Expt 2, the number of non-viable cells present in the sample was deliberately increased to mimic potential experimental situations and to test the sensitivity of the staining protocols to detect non-viable cells. Boar spermatozoa from 12 different ejaculates were incubated in BTS for up to 72 h and, before cell viability was assessed, were mixed 1:1 with a suspension in which the spermatozoa had been treated with three cycles of freezing to -20°C and thawing to room temperature to increase the number of non-viable cells. Samples were stained and analysed as described for Expt 1.
In Expt 3, frozen bull spermatozoa from 12 different ejaculates were thawed as indicated by the supplier and samples with at least 40% motility were used. Samples were processed as indicated in Expt 1.
Statistical analyses
For each preparation, 200 spermatozoa were counted, and the percentage of stained cells was transformed (x = arcsin √ percentage of spermatozoa / 100) to obtain a normal distribution.
In all experiments, statistical differences between the number of stained cells observed after staining with each fluorescent probe alone (that is Hoechst 33258 or propidium iodide) and those obtained when spermatozoa were stained with both probes simultaneously were determined using Student's t test. No differences were found in any of the experiments, and because both estimates corresponded to the same sample, further analysis of the number of Hoechst 33258-stained cells in each sample was calculated as the mean of stained cells in the Hoechst 33258 only sample and the Hoechst 33258-stained cells in the sample in which both probes were used. The same procedure was followed to calculate the number of propidium iodide-positive cells.
Within each experiment, a one-way ANOVA was performed to determine whether there were significant differences among the three staining procedures and, when statistical differences were observed, treatments were compared with the Student-Newman-Keuls method for pairwise multiple comparison. Single linear regression analyses between combinations of the three methods were also carried out. All calculations were performed with the software Sigma Stat v.1.0 (Jaendel Scientific, San Rafael, CA).
Results
Staining of boar and bull spermatozoa with fluorescent probes or eosin-nigrosin and Giemsa
When boar or bull spermatozoa were incubated with either Hoechst 33258 or propidium iodide, a proportion of cells incorporated the stain and were readily identified by fluorescent microscopy. When spermatozoa were simultaneously incubated with the two fluorescent probes and examined with their respective microscope filters, it was apparent that some cells stained with propidium iodide did not stain with Hoechst 33258 (Fig. 1) . This was observed in spermatozoa from both species and in all semen samples or frozen and stored samples. The number of propidium iodide-stained cells was consistently greater than the number of Hoechst 33258-stained cells (see below).
When boar or bull spermatozoa were incubated with eosinnigrosin, smeared and stained with Giemsa, spermatozoa could be distinguished easily on the basis of the absence or presence of a stained post-acrosomal region (Fig. 2) . Preliminary experiments indicated that the number of stained cells did not differ when they were stained solely with eosin-nigrosin or when they were stained first with eosin-nigrosin and then with Giemsa. Furthermore, washing of smears before staining with Giemsa did not remove the eosin stain, which is in agreement with the findings of Tamuli and Watson (1994) .
Experiment 1
In this experiment, 12 boar semen samples were analysed after storage in BTS. Mean values of stained cells obtained with each staining protocol are presented (Fig. 3) . Although the number of propidium iodide-stained cells was higher than the number of Hoechst 33258-positive cells, statistical analyses of these data showed no significant differences among the three vital stains examined. This was probably due to the low proportion of stained cells observed with the three stains. When percentages of stained cells were compared by single linear regression (Table 1 ) a significant (P < 0.01) correlation was found in all cases; the highest R values corresponded to the comparison between propidium iodide and Hoechst stain (R = 0.964).
Experiment 2
The aim of this experiment was to assess whether the correlation between the three vital stains found with fresh semen was also observed when spermatozoa were subjected to damage and, thus, whether the number of non-viable cells increased consistently with the three staining protocols. Diluted boar semen was frozen to -20°C and thawed at room temperature three times, and this suspension of non-viable spermatozoa was mixed with an equal volume of spermatozoa from 12 different semen samples that had been stored in BTS for 48-72 h. Under these conditions, staining with propidium iodide resulted in a higher proportion of stained cells (66.4 ± 2.4%) than that observed with Hoechst 33258 (60.1 ± 1.66%) or eosin-nigrosin and Giemsa (56.9 ± 1.84%). No differences were found between the Hoeschst 33258 and eosin-nigrosin and Giemsa (Fig. 4) . Within this experiment, a significant correlation (R = 0.727, P < 0.01) was found between the number of cells stained with propidium iodide and those stained with Hoechst 33528. All other comparisons failed to show any correlation (Table 1) . ) and propidium iodide (final concentration 5 µg ml -1 ) for 5 min and examined (a) under phase-contrast optics, (b) using the filter for Hoechst 33258, and (c) using the filter for propidium iodide. Note that with propidium iodide, two spermatozoa are stained, whereas with Hoechst 33258 only one spermatozoon has incorporated the stain. Values are means ± SEM of 12 different semen samples. Correlation (R) and probability (P) values for comparisons among groups are given in Table 1. Frozen samples from 12 different semen samples were studied to determine whether bull spermatozoa showed significant differences in the number of non-viable cells detected by the three vital stains. In this experiment, a pattern identical to that observed in Expt 2 was found (Fig.  5) . Propidium iodide gave a significantly higher (P < 0.05) proportion of stained cells (58.0 ± 4.38%) than either Hoechst 33258 (44.3 ± 4.57%) or eosin-nigrosin and Giemsa (42.8 ± 3.98%) and no differences were found between Hoechst 33258 and eosin-nigrosin and Giemsa. The proportion of cells stained with propidium iodide and Hoechst 33258 (R = 0.946, P = 0.0001) and those stained with propidium iodide and eosin (R = 0.829, P = 0.0009) were strongly correlated, but in contrast to Expt 2, Hoechst 33258-and eosin-stained cells were also correlated (Table 1, Fig. 6 ).
This may reflect the accuracy of the eosin-nigrosin and Giemsa procedure in bull spermatozoa, leading to more consistent staining patterns compared with boar spermatozoa.
Since bull samples covered a wide range of non-viable cells, data were plotted to determine the differences obtained with the different staining methods. In theory, regression coefficients should be equal to 1 when estimates of nonviable cells agree perfectly. The regression lines obtained from plotting values obtained with propidium iodide and either Hoechst 33258 or eosin were not equal to 1 and, in both cases, the regression lines obtained deviated towards propidium iodide (that is, propidium iodide values were higher than those corresponding to the other two staining methods) (Fig. 6a,b) . In the comparison between propidium iodide and Hoechst 33258, the line obtained had a slope similar to the line corresponding to a theoretical regression Values are means ± SEM of 12 different semen samples. Bars with different letters are significantly different (P < 0.05; ANOVA and Student-Newman-Keuls). Correlation (R) and probability (P) values for comparisons among groups are given in Table 1 . . Correlation (R) and probability (P) values for comparisons among groups are given in Table 1. line of 1, whereas when the comparison was made with eosin the slope was different, and higher differences between the two staining methods were found as the percentage of nonviable cells increased. The comparison between Hoechst 33258 and eosin revealed a different pattern; the regression line showed higher values for eosin when there was a small proportion of non-viable cells and the opposite for a large proportion of non-viable cells.
Discussion
The results of this study indicate that the proportion of nonviable cells identified by staining with the fluorescent probes propidium iodide or Hoechst 33258, or with the cytosolic stain eosin, may differ depending on which vital stain is used. These differences emphasise the need for careful interpretation of sperm functional studies when these stains are used to distinguish between viable and non-viable cells before quantification of cellular responses, such as the occurrence of the acrosome reaction. Spermatozoa from both bulls and boars showed consistently that propidium iodide stained more cells than Hoechst 33258. Hoechst 33258 stained a similar proportion of cells to that observed after staining with the cytosolic stain eosin. Although differences were not statistically significant when boar spermatozoa were stored for 2-3 days in BTS, possibly due to the small proportion of non-viable cells, significant differences were seen when the number of nonviable cells was increased by mixing equal volumes of stored spermatozoa and spermatozoa that had been treated to render them non-viable. Spermatozoa from another species (bulls) in which the proportion of non-viable sperm cells was expected to be high, such as in frozen-thawed samples, were used to confirm this result. In these samples, the proportion of spermatozoa stained with propidium iodide was also higher than after staining with either Hoechst 33258 or eosin.
Spermatozoa were stained with the two fluorescent stains under the same conditions, using each fluorochrome separately or in combination. There was no difference in the proportion of cells stained with propidium iodide when the stain was used alone or in combination with the other fluorochrome. A similar result was found for Hoechst 33258. Thus, inclusion of both probes did not interfere with their staining abilities. However, exposure of spermatozoa to both fluorochromes simultaneously showed, by direct microscopic examination, that some spermatozoa stained with both propidium iodide and Hoechst 33258, whereas other spermatozoa stained only with propidium iodide. The opposite situation, that is spermatozoa stained with Hoechst 33258 and not with propidium iodide, was not observed. In a study on equine spermatozoa, propidium iodide was found to be equivalent to Hoechst 33258 when viability was estimated either by flow cytometry or fluorescent microscopy (Papaioannou et al., 1997) . The discrepancy with the results of the present study, in which viability assessments with these two fluorochromes were not equivalent, could be due to differences in methodology or to species differences.
It is possible that one of the fluorochromes stained a smaller number of cells because the conditions were suboptimal. This is unlikely because the conditions used in the present study were validated in other studies on pig and bull spermatozoa (for example Melendrez et al., 1994; Fraser et al., 1995; Wang et al., 1995) . In addition, in the present study staining was carried out at room temperature for at least 3-5 min, which is the minimum time required for the cells to take up the maximum amount of stain. Incubation for periods of up to 30 min with Hoechst 33258 (Cross et al., 1986; de Leeuw et al., 1991) iodide (Harrison and Vickers, 1990) resulted in no further increase in the proportion of stained cells. Staining with eosin-nigrosin followed a different technical protocol; spermatozoa were exposed to the stain for a few seconds before they were smeared onto slides. However, the proportion of stained cells detected with this protocol was not different from that observed when Hoechst 33258 was used, as also found using human spermatozoa (Mortimer et al., 1990) , indicating that both Hoechst 33258 and eosin may estimate the proportion of non-viable cells in sperm populations more accurately than propidium iodide. The proportion of non-viable cells observed after staining with eosin was significantly lower than that observed after propidium iodide, which is in agreement with a study using ram and boar spermatozoa (Tamuli and Watson, 1994) .
It is unclear why there are differences in the ability of these stains to stain sperm cells, with propidium iodide consistently staining more spermatozoa than the other two stains. It has been recognized that long incubation periods leading to senescence of cells can create artefacts and increase the number of cells that incorporate the fluorescent probes (Harrison and Vickers, 1990) . In the present study, this problem was avoided by incubating spermatozoa with the fluorochromes for a short period of time, but differences among the methods were found. Significant differences were observed in previous studies in which eosin-nigrosin and some fluorescent stains were compared; percentages of viable spermatozoa were higher with the fluorescent stains (Centola et al., 1990; Tamuli and Watson, 1994; Cassinello et al., 1998) . One possibility is that some fluorescent probes are slightly toxic to the sperm cell (Woelders, 1991) .
The number of cells stained with propidium iodide and the number of spermatozoa stained with Hoechst 33528 was correlated in the three experimental series, despite the fact that significantly more spermatozoa were stained with propidium iodide. Furthermore, propidium iodide also showed a positive correlation with eosin-nigrosin and Giemsa (statistically significant in Expts 1 and 3 and tending to significance in Expt 2), whereas the average proportion of propidium iodide-positive cells was significantly greater. The proportion of cells that stained with eosin (when using the eosin-nigrosin and Giemsa protocol) was significantly correlated with the proportion of cells staining with Hoechst 33258 in bull spermatozoa, but the results were not clear-cut for boar spermatozoa. In some studies, correlations have been used as a basis for determining the superiority of one method over another (for example, see Perez et al., 1997) . However, the results of the present study highlight the fact that a positive significant correlation between staining protocols does not necessarily mean that they yield similar results when assessing sperm viability. At this stage it is not posssible to determine which is the most accurate method, that is, the method that estimates most accurately the real proportion of non-viable cells in a sperm sample, due to the lack of a method that gives totally reliable and indisputable results.
Staining with fluorescent probes can be combined with observations by phase-contrast optics for determination of the number of viable spermatozoa along with assessment of acrosomal status. An alternative to this approach is the use of the eosin-nigrosin and Giemsa staining protocol. This staining method could be very useful since it is simpler than that described by Talbot and Chacon (1981) and because it has the advantage that a fluorescent microscope is not required to examine stained spermatozoa. Furthermore, this protocol results in permanent preparations that could be convenient for quality control. One disadvantage is that it requires staining spermatozoa with Giemsa and this could extend the staining protocol by 1-2 h. Whatever the method used, it is important to consider that the choice of vital stain can influence the results of assessment of viability and that this would influence the outcome of quantitative studies of cellular responses such as capacitation or the acrosome reaction.
In conclusion, differences were observed between the ability of different stains to identify non-viable spermatozoa; propidium iodide consistently showed greater numbers of stained cells compared with the other stains. This indicates that in studies focusing, for example, on the viability of spermatozoa after storage, or on functional responses of cells (in which viability is used as a discriminating factor), attention should be given to the possible biases introduced by the vital stains.
